In epidemiologic studies of environmental tobacco smoke (ETS) and lung cancer, the problem of misclassification and the potential for resulting bias continue to be a concern. This article covers two specific sources of misclassification of exposure in studies of ETS and lung cancer: misclassification of ever smokers as never smokers and misclassification ofworkplace ETS exposure. Although residential ETS exposure may also be misclassified, this is a separate topic covered in other reviews and is not discussed here. The misclassification of ever smokers as never smokers is an important concern in any study of ETS exposure and lung cancer and is discussed first. We specifically examine the parameters that determine this source of bias. Sources of misclassification in the questionnaire approach to assess workplace ETS exposure are discussed.
Misclassification of Ever Smokers As Never Smokers
In epidemiologic studies of ETS and lung cancer, it is critical that the classification of participants as never smokers is accurate (1, 2) . In the 1986 National Research Council (NRC) report (1) and a subsequent article, Wald et al. (2) pointed out that because smokers tend to marry smokers, if a study contains subjects classified as never smokers when they are smokers, these subjects are more likely to be classified as exposed to ETS, and thus the study is likely to overestimate the risk associated with ETS exposure due to the increased risk of lung cancer associated with active smoking. Whether and how much of the observed increase in risk of lung cancer associated with ETS exposure may be explained by this source of bias is controversial. Lee (3) has argued that the occurrence of this misclassification is high (about 12% among never smokers) and might explain all or most of the observed association between spousal smoking and risk of lung cancer in never smokers. Conversely, the NRC report (1) and other investigators (2, 4) concluded that the occurrence of smoker misclassification is relatively low (about 5%) and cannot account for the observed effect of ETS on lung cancer risk. Wald and co-workers (2) (3, 5, 9, 10) (Table 1 ). This finding is generally comparable in men and women and in studies conducted in different countries. An exception is the higher misclassification rate reported among male smokers in one study (3) . In the largest study published to date on this topic, information on smoking habits was obtained on two occasions from approximately 18 ,000 Swedish twins born between 1886 and 1925 (cohort I) and approximately 22,000 Swedes born between 1914 and 1945 who were randomly selected from the general population (cohort II) (10) . Smoker misclassifications in cohort I and cohort II were 4.9 and 5.0%, respectively, for men and 4.5 and 7.3%, respectively, for women (10) .
Although the percentage of misclassified ever smokers (Table 1 ) is unlikely to depend on the smoking prevalences in the population, the proportion of never smokers misclassified as smokers (Table 2) , which can be also calculated in the studies of ever smokers, does depend on the prevalence of smoking in the population under study. This point is illustrated in the data shown in Table 2 . A higher rate of misclassification may be obtained for never smokers with lung cancer than for controls comprising never smokers because of a smaller proportion of never smokers among cases. Similarly, a higher rate of misclassification may be observed for men than for women because of a smaller proportion of never smokers among men (3,10-12) ( Table 2 ). As shown in Table 2 , the substantial variability in the percentage of nonsmokers misclassified as smokers (11-23% in males and 2-5% in females) contrasts with the relative stability of the proportion of ever smokers misclassified as never smokers (Table 1) . Using the Swedish cohort mentioned previously, misclassifications of never smokers as smokers in cohort I and cohort II were 11.1 and 11.5%, respectively, for men and 1.3 and 2.2%, respectively, for women (10 (15) , excluding the data from Britten (9) , presented separately in this table. (10) no data. 'This represents an average of the percent misclassification found in cohort and cohort 11. as one of the determinants to determine smoker misclassification. One approach for calculating the proportion of self-reported nonsmokers who are in fact current smokers is to validate the smoking status by measuring biomarkers such as cotinine and/or nicotine levels in biologic fluids (5, (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) (Table 3) . Cotinine is a wellestablished, sensitive, and specific biomarker of recent exposure to tobacco smoke (24) . There is consensus that cotinine levels in current smokers are at least several hundred times higher than the levels in nonsmokers (5, 13) . A large number of biomarker studies have found that approximately 3% of nonsmokers have cotinine/nicotine levels inconsistent with levels in true nonsmokers (Table 3 ). This collective evidence is based on cross-sectional data collected from more than 4,000 nonsmokers of diverse demographic backgrounds who have participated in studies conducted in different countries. Approximately one-third of these data is from a large collaborative study conducted in 13 study centers covering 10 countries that used identical study protocols to investigate the relationship between recent (i.e., for 8 days preceding the interview) ETS exposure from residential and nonresidential sources according to self-report and urinary cotinine concentrations (14) . In the only case-control study of ETS and lung cancer that also determined urinary cotinine levels in cases and controls as a marker of recent exposure to tobacco smoke (25) , the percentage of smoking cases and controls misclassified as never smokers (i.e., urinary concentrations exceeding 55 ng/mg of cotinine/creatinine) were 3.1 and 5.0%, respectively. Thus, biochemically validated analyses of self-reported data on ETS exposure obtained from both case-control (25) and cross-sectional studies (Table 3) confirm that only a small proportion of nonsmokers is misclassified as smokers. (2, 13) to examine the effect of each of these parameters on the magnitude of misclassification bias. Hackshaw et al. (13) showed that an RR of 1.24 for lung cancer associated with ETS exposure (determined in a meta-analysis of about 40 studies) would be reduced only slightly (to an RR of 1.18) and remain statistically significant under conservative but probable estimates for the different parameters of interest: an aggregation ratio of 3, the proportion of ever smokers misclassified as never smokers 7%, and an RR of 3.0 for lung cancer among smokers misclassified as never smokers. Conversely, the RR of 1.24 would be reduced to a nonsignificant RR of 1.1 1 if the risk of lung cancer among misclassified ever smokers were 4.0, if 9% of ever smokers were misclassified as never smokers, and if the aggregation ratio were 3.0. This RR is further reduced to 1.08 if the aggregation ratio is increased to 4.0. As discussed above, there is little evidence to suggest that these high parameter values are operating in a majority of studies that have investigated the role of ETS and lung cancer.
The above indirect approach to estimate smoker misclassification is complemented by a recent study (26) that used a direct approach to investigate the effect of misclassification bias on the estimate of lung cancer risk associated with ETS. This validity study was conducted in the Swedish, Spanish, and Italian study centers that were part of a European multicenter case-control study of ETS and lung cancer (27) . Next of kin of the index subjects (n = 408; 175 cases, 233 controls) were contacted and interviewed regarding the smoking status of the index subject either on the same day that the index subject was interviewed or at least 4 months after the interview with the index subject. Quantitative smoking information was collected from 351 index subjects who reported being never smokers (i.e., defined as having smoked 400 or fewer cigarettes over lifetime) and their next of kin (i.e., the smoking habits of 57 index subjects could not be independently confirmed by their next of kin). Nine of the 351 index subjects (2.0% among cases; 3.1% among controls) were reported by their next of kin to be occasional smokers (i.e., smoked more than 400 cigarettes over lifetime). The RR estimates for lung cancer associated with ETS exposure from spouses and at work were not changed in multivariate analyses after excluding the 9 subjects who were possibly misclassified. For example, the RR for ever exposed to spouse who smoked was 1.29 for the total population (i.e., 351 subjects) and 1.30 when the 9 subjects who were potentially misclassified were excluded. The corresponding RR estimates associated with ETS exposure in the workplace were 1.48 and 1.41; the RR estimates associated with ETS exposure from spouses or in the workplace were 1.73 and 1.70. Thus, this multicenter case-control study found an equally low proportion of misclassified ever-regular smokers among reported case and control never smokers. Accordingly, estimates of the effects of ETS changed minimally after exclusion of the potentially misclassified subjects.
In summary, since the recognition of misclassification of ever smokers as never smokers as a potential source of bias in studies of ETS and lung cancer, concerted efforts have been made to determine the extent of this problem. Several large, well-designed and well-conducted studies confirmed that the proportion of ever smokers reported as never smokers (10) , the proportion of nonsmokers misclassified as ever smokers (based on cotinine measurements) (14, 25) , and the risk of lung cancer among misclassified smokers (10) are all low, in agreement with the conclusion of the NRC in 1986 that smoker misclassification cannot explain the ETS effect on lung cancer risk in never smokers (1) . In addition, the risk of lung cancer associated with ETS exposure was essentially unaffected by misclassification bias in the only study that has directly evaluated its potential impact (26) .
Misclassification of ETS Exposure at the Workplace
To determine the association between ETS exposure and risk of lung cancer, earlier researchers focused primarily on ETS exposure inside the home (1, 28) . However, large cross-sectional studies show convincingly that ETS exposure in the workplace and other settings outside the home may be equally as important as ETS exposure inside the home (29). In the Third National Health and Nutrition Examination Survey (NHANES III), which induded a large representative sample of the U.S. population, nearly 40% of U.S. workers who were nontobacco users reported ETS in the workplace (30) . Among those who reported workplace ETS exposure only, serum cotinine levels were significantly higher than in individuals reporting no exposure at work and at home; these higher levels also were about half the levels of those individuals reporting home ETS exposure only (30) .
In published epidemiologic studies of lung cancer, data on ETS exposure come solely from questionnaires completed by either the index subjects or the suitable next of kin. In the next section, we review measures of workplace ETS exposure that have been included in epidemiologic studies of lung cancer and the sources of misclassification of workplace ETS exposure.
Measures of Workplace ETS Exposure in Published Lung Cancer Studies
The questionnaire method that has been used to assess ETS exposure in the workplace is similar to that used to assess ETS exposure from spouses. For example, to assess ETS exposure from spouses/cohabitants, most studies included questions about smoking habits of all or those of the current spouse/cohabitant of longest duration. Information on the extent of exposure was based on the duration of smoking and/or the number of cigarettes/tobacco products smoked by spouses or cohabitants (1, 5, 28, 29) . Similar approaches have been used to ascertain workplace ETS exposure, although the questions asked in the studies published to (Table 4) . A few studies attempted to ask about lifetime workplace ETS exposure (25, 27, 31, 32) . In these studies, subjects were asked about each job they had and whether they were exposed to ETS at each job. However, in other studies, information on ETS exposure in the workplace was requested only for selected jobs [e.g., current or last job (33) (34) (35) (36) , four jobs lasting at least 1 year (39), jobs for selected periods (e.g., during past 5 and past 25 years) (37) ], or for a specific definition of ETS exposure [e.g., co-workers smoked for at least 1 year in the presence of the subject (40)]. In addition, some studies only classified exposure in a dichotomized manner (yes/no) (33) (34) (35) (36) 40, 42) , whereas others attempted to assess the intensity of exposure (25, 27, 31, (37) (38) (39) 41) such as by cumulating the years of workplace ETS exposure (25) . In one study, a combined quantitative measure for workplace ETS exposure was determined on the basis of the total number of years of exposure weighted by the number of hours of exposure per day and a subjective index of smokiness in the workplace (27) .
Sources ofMidscassification of Workplace ETS Exposure
Misclassification of workplace ETS exposure may occur if the exposure cannot be reported accurately. Inaccuracy in report may be due to lack of knowledge or difficulty in recalling the exposure of interest. Because lung cancer is a rapidly fatal disease, some studies included a high percentage of surrogate respondents (33, 37, 38, 44, 45) . Reliable assessment of workplace ETS exposure is a particular concern in these studies since surrogates may be less able to provide information on the subjects' exposure to ETS in the workplace. The strongest support for the association between workplace ETS exposure and an increased risk of lung cancer in nonsmokers comes from epidemiologic studies in which only self-respondents (27, 31) or a high percentage of self-respondents (25) were included. Misclassification is a particular concern if there is differential recall of exposure between lung cancer cases and controls (47) .
Few test-retest studies of questionnaire reports (48) (49) (50) assess the reliability of selfreport of ETS exposure, and only one of these studies specifically examined workplace ETS exposure (48) . We first considered the results on residential exposure to ETS, knowing that these results may not be directly applicable to studies of workplace ETS exposure. These studies confirm that self-reports of any (yes/no) residential exposure to ETS from spouses and from parents were generally reliable but that the quantitative assessment of exposure, i.e., number and duration of the exposure, was reported less reliably (48) (49) (50) . One study (48) (51) concluded that workplace ETS exposures are highly variable and that the average workplace concentrations of ETS are often greater-as much as 10-fold higher-than the concentrations in homes. Heterogeneity in workplace ETS exposure exists, in part, as a result of diverse time-activity patterns, different and changing policies regarding the use of tobacco products in work settings, and other parameters (52) . A better understanding of the distributions of ETS exposure for U.S. workers is now emerging from studies that have used mathematical models (i.e., mass-balance models) to predict exposure patterns (53) or from studies that have determined exposure patterns, using personal or area monitoring techniques (51) . The challenge remains for epidemiologists to integrate this information to fill the gaps and to overcome limitations of the traditional questionnaire approaches in assessing workplace ETS exposure.
Summary
It is evident that some misclassification of ever smokers as never smokers exists in studies of the health effects of ETS. Both direct and indirect approaches (1, 10, 13, 14, 26) have been used to estimate smoker misclassification, and they confirm that the potential bias due to smoker misclassification is unlikely to explain the observed increased risk of lung cancer associated with ETS exposure. Exposure to ETS in the workplace is now recognized as a major source of ETS exposure outside the home. The specific questions that were asked in order to ascertain workplace ETS 
